-Rapid self-propelled micromotors-based immunosensing strategy for cortisol.
Introduction
Recent advances in nanomotors have paved the way to novel biosensing systems and applications. Particularly, the ability of nano/microscale motors to capture and transport specific target analytes in complex biological matrixes has been extensively explored [1] [2] [3] [4] .
Nano/micromotors functionalized with specific bioreceptors have thus allowed "on-the-fly" detection of different bioanalytes, ranging from nucleic acids to tumor cells [5] [6] [7] [8] [9] . Tubular micromotors functionalized with specific antibodies have been incorporated into lab-on-achip diagnostic devices demonstrating efficient recognition and isolation of the model protein IgG [10, 11] . Such direct "on-the-fly" recognition and isolation processes obviate the need for common sampling and washing procedures. The efficient movement of these micromotors and generated-microbubbles tail has been shown to enhance the fluid mixing of the sample and to greatly increase the analyte-receptor interactions toward faster and more sensitive assays [12] [13] [14] . These dynamic sensing nanosystems have demonstrated important advantages to enhance target-bioreceptor interactions, which hold considerable interest for its implementation as medical diagnostic tools.
In this communication, we report on a new nanomotor immunoassay strategy based on naked-eye detection system. Cortisol, an important stress and clinical biomarker [15] [16] [17] [18] [19] , was selected as model target to demonstrate the capabilities of this new approach. The most widely used methods in clinical assays of cortisol include luminescence and fluorescence assays [20, 21] , enzyme-linked immunosorbent assays (ELISAs) [22] , and immunoassays in connection to fluorescence [23] or electrochemical detection [17, [24] [25] [26] [27] [28] . However, these cortisol-detection methods still present some limitations in terms of analysis time, pretreatment steps, and cost and do not involve rapid naked-eye detection.
The new dynamic cortisol detection strategy, described in this paper, is based on the use of tubular micromotors functionalized with a specific anti-cortisol antibody (Figure 1 ).
The advantages of such micromotor-based cortisol naked-eye detection system have been illustrated using direct and competitive immunoassay formats. As illustrated in Figure 1 , the direct motor-based immunoassay relies on HRP-labeled cortisol. The anti-cortisol functionalized-micromotors efficiently swim through the sample and detect rapidly and specifically the tagged-cortisol target ( Figure 1A ). The competitive motor assay involves 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 competition of free-cortisol and the cortisol-HRP for the antibody sites on the moving micromotors. In both assays, short incubation of the resulting cortisol-HRP modified micromotors in a TMB/H 2 O 2 solution offers absorbance measurements of the deep blue product of TMB at 690 nm ( Figure 1B) . The absorbance spectra of samples prepared in the absence and presence of cortisol-HRP (light and dark blue lines, corresponding to transparent and blue color solutions, respectively) are displayed in the top part of Figure 1B .
The combination of the specific antibody with the efficient movement of the H 2 O 2 -propelled tubular micromotors allows rapid detection of dilute amounts of cortisol-HRP using microliter sample volumes. In comparison with early micromotor-based immunosensing strategies, involving direct or sandwich approaches and immunoreagents tagged with microsphere tracers for visualizing the antibody-antigen interaction [10, 11] , this micromotor strategy demonstrated for the first time the use of a direct and competitive immunoassays with rapid naked-eye detection of the target analyte. As will be illustrated in the following sections, the movement of the antibody-modified micromotors through the sample plays a critical role in the enhanced biosensing performance. Such continuous motion of multiple anti-cortisolmicromotors imparts effective sample mixing within microliter samples that addresses the limitations associated with the slow cortisol transport under quiescent conditions and leads to fast antibody-cortisol interactions and hence to higher speed and sensitivity. software (Molecular Devices, Sunnyvale, CA) were used for capturing movies at a frame rate of 30 frames per sec. The speed of the micromotors was tracked using a Metamorph tracking module and the results were statistically analyzed using Origin software.
The absorbance was measured between 500 and 800 nm using a UV-2450 Shimadzu spectrophotometer.
Preparation of tubular micromotors
The tubular micromotors were prepared using a common template-directed microtubes were electropolymerized at +0.80 V using a charge of 0.1 C from a plating ) at −1.3 V (vs Ag/AgCl) for 4 C. The inner Pt layer was galvanostatically deposited at -2 mA for 500 s from a commercial platinum plating solution (Platinum RTP; Technic Inc, Anaheim, CA). The sputtered gold layer was completely removed by hand polishing with alumina slurry (3-4 μm). After that, the membrane was dissolved in methylene chloride for 30 min to completely release the microtubes. The micromotors were collected by centrifugation at 7,000 rpm for 3 min and washed with Au-sputtered PEDOT/Ni microtubes were used for static control experiments, following the same fabrication protocol but without the electrodeposition of platinum, which is responsible of the decomposition of H 2 O 2 and consequent bubble production from the tubular micromotor.
Micromotor functionalization
The outer Au layer of the tubular micromotors or the static microtubes was Since the micromotors used were propelled by the bubbles generated at the inner Pt surface and the H 2 O 2 is required for TMB developing the blue color in the presence of HRP,
anti-cortisol-functionalized-Au-sputtered PEDOT/Ni microtubes (without Pt inner layer) were used to perform the static micromotors control experiments.
Competitive immunoassay
The direct competitive immunoassay for cortisol detection was performed by mixing Finally, the micromotors and microtubes were separated by centrifugation and were mixed with 500 µL TMB/H 2 O 2 undiluted commercial solution, and the corresponding absorbance spectra and value at 690 nm were measured. antibody. The micromotors used for detecting cortisol were fabricated by a standard membrane template electrodeposition method. Briefly, the template-electrodeposition protocol consisted on electropolymerization of the EDOT monomer within the conical micropores of a polycarbonate (PC) membrane used as a template, followed by electrodeposition of Ni and the inner Pt layer ( Fig. 2A (a) ), and release of the resulting PEDOT/Ni/Pt micromotors by dissolving the membrane ( Fig. 2A (b) ). The micromotors were subsequently sputtered with a thin layer of Au ( Fig. 2A (c) ) for further functionalization. The immobilization of the anti-cortisol antibody onto the outer Au layer of the micromotors was carried out using EDC/NHS chemistry through a mixed self-assembled monolayer (SAM) of MUA/MCH alkanethiols ( Fig. 2A (d) ; detailed experimental protocol explained in Methods and in Fig.S1 ). As was mentioned above, Au-sputtered PEDOT/Ni microtubes were used as static controls, following the same fabrication protocol but without the Pt electrodeposition, which is responsible for the catalytic H 2 O 2 fuel reaction and consequent bubble production from the tubular micromotor. The propulsion of the antibody-functionalized Au-sputtered PEDOT/Ni/Pt micromotors was also studied. Time-lapse images, taken from video S1, illustrate the propulsion of the antibody-functionalized micromotors in the presence of 1% H 2 O 2 fuel, along with the magnetic guidance of the micromotor though the cortisol spiked-buffer (Fig. 2C) .
Efficient movement at a speed of 80 µm s -1 is observed. The inclusion of the Ni layer in the 8 composition of the micromotor facilitates the magnetic manipulation of the micromotors during the functionalization protocol, and opens the possibility of guiding these antibodyfunctionalized micromotors to the target destination.
Optimization of detection conditions
The development of the immunosensing nanomotor strategy has involved optimization of key experimental conditions, such as incubation time and reaction volume, and variety of relevant control experiments (Fig. 3) .
Initial control experiments were performed by incubating anti-cortisol-micromotors in a blank solution (prepared in the absence of cortisol-HRP), or non-functionalized micromotors in a cortisol-HRP solution ( In order to demonstrate the important role of the self-propelled micromotors, and corresponding localized fluid convection, in the acceleration and efficiency of the cortisol binding and detection, the effect of the incubation time was investigated both under static and moving conditions, using anti-cortisol functionalized microtubes and micromotors, respectively. As shown in Fig. 3 , a clear increase of the signal is observed when using dynamic anti-cortisol-micromotors compared to static anti-cortisol-microtubes. In particular, moving the micromotors for 30 s provided a 3-fold higher absorbance signal compared to static microtubes after 1 min incubation. This trend was confirmed by the double response provided by the dynamic micromotors at 1 min compared to that of the static microtubes after 5 min. Due to saturation of the absorbance above 5 min, this was the longest time tested.
Overall, the data of Figure 3A confirm that the rapid movement of the anti-cortisolmicromotors through the sample greatly increases the likelihood of antibody-cortisol contacts, and thus leads to a highly efficient and rapid recognition process.
FIGURE 3
After studying the cortisol-detection ability of the anti-cortisol-micromotors at different incubation times, the effect of the reaction volume (25, 50 and 100 µL) was investigated using a fixed reaction time of 2 min. Figure 3B demonstrates that the assay sensitivity increases substantially upon decreasing the sample volumes from 100 to 25 µL, reflecting the greatly enhanced likelihood of antibody-cortisol contacts using smaller sample volumes under these dynamic conditions. Overall, these preliminary experiments confirm that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 the use of dynamic micromotors clearly improves the antibody-cortisol interactions, to offer increasing sensitivity while reducing largely the assay time.
Direct competitive assay
In addition to direct immunoassays of cortisol, the micromotor approach can greatly enhance the performance of competitive cortisol immunoassays (Fig. 4) .
FIGURE 4
These bioassays involve the competition of cortisol and HRP-tagged cortisol for the antibody sites on the moving micromotors (Fig. 4A) . The direct competitive immunoassay format was carried out using both static and moving antibody-modified microtubes and micromotors to evaluate their recognition properties in a semi-quantitative manner. Using this approach, the quantity of cortisol-HRP, inversely proportional to the quantity of free cortisol in the sample, was rapidly estimated.
According to the results obtained from the previous optimization studies, the reaction volume selected for performing this competitive immunoassay was 50 µL, using reaction 
Conclusions
We have developed a very attractive micromotor-based immunosensing strategy for These results demonstrate that the dynamic cortisol detection strategy, based on the use of tubular micromotors functionalized with a specific anti-cortisol antibody, can offer significant improvements and facilitate high-performance to direct and competitive immunoassays of cortisol. These rapid micromotors cortisol assays could be used also for rapid screening purposes in connection to existing cortisol detection systems that demand more time and laborious protocols. While the new concept was presented in connection to the detection of cortisol, it may be readily translated to the detection of a broad range of target biomarkers, making these micromotors extremely attractive biosensing tools. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
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